This page intentionally left blank.
Preface
This report is one of several reports developed during the U.S. Department of Energy (DOE) study on the Modeling and Analysis of Value of Advanced Pumped Storage Hydropower in the United States. The study is led by Argonne National Laboratory in collaboration with Siemens PTI, Energy Exemplar, MWH Americas, and the National Renewable Energy Laboratory. Funding for the study was provided by DOE's Office of Energy Efficiency and Renewable Energy (EERE) through a program managed by the EERE's Wind and Water Power Technologies Office (WWPTO).
The scope of work for the study has two main components: (1) development of vendorneutral dynamic simulation models for advanced pumped storage hydro (PSH) technologies and (2) production cost and revenue analyses to assess the value of PSH in the power system. Throughout the study, the project team was supported and guided by an Advisory Working Group (AWG) consisting of more than 30 experts from a diverse group of organizations including the hydropower industry and equipment manufacturers, electric power utilities and regional electricity market operators, hydro engineering and consulting companies, national laboratories, universities and research institutions, hydropower industry associations, and government and regulatory agencies.
The development of vendor-neutral models was carried out by the Advanced Technology Modeling Task Force Group (TFG) led by experts from Siemens PTI, with the participation of experts from other project team members. First, the Advanced Technology Modeling TFG reviewed and prepared a summary of the existing dynamic models of hydro and PSH plants that are currently in use in the United States. This is published in the report Review of Existing Hydroelectric Turbine-Governor Simulation Models. The review served to determine the needs for improving existing models and developing new ones.
While it was found that the existing dynamic models for conventional hydro and PSH plants allow for the accurate representation and modeling of these technologies, it was concluded that there is a need to develop dynamic models for two PSH technologies for which, at present, there were no existing models available in the United States. Those two technologies are (1) adjustable speed PSH plants employing doubly-fed induction machines (DFIMs), and (2) These models are a critical component of the analysis needed to plan, design, and operate the power system. Power system studies that use such models are done to:
• Determine operating strategies and power transfer limits,
• Study the impact of new generator additions,
• Determine the need for new transmission lines and substations,
• Investigate the stability of the system following large disturbances (transient stability) or incremental impacts (small signal stability), and
• Analyze the control of frequency and/or system voltages.
Note that these models are not the same as those used in the design of hydroelectric plants. Programs used for their design or hydraulic system analysis include much more detailed models of the hydraulic system and turbine physics.
The purpose of this report is to propose a power system dynamic simulation model structure for a ternary PSH unit employing a separate turbine and pump on a single shaft with the generator/motor. A companion report proposed a model structure for an adjustable speed PSH unit employing a doubly-fed induction machine (DFIM).
Section 2 of this report gives a summary of the technology and the basics of the operation of a ternary PSH unit, including both dynamic and steady state operation.
Section 3 provides a discussion on the modeling of these ternary pumped storage units. While the focus of this report is on how to model these units in the Power System Simulator for Engineering (PSS ® E) program, the information is provided in a manner that is also applicable to modeling such devices in other commercial power system stability simulation programs.
Section 4 provides a bibliography. Conventional pumped storage hydro (PSH) units have many similarities to conventional hydro plants. The major difference is, of course, that the flow is bidirectional for conventional PSH units. Usually, but not always, the same equipment is used for both generation and pumping; thus, the synchronous generator also operates as a motor, and the hydro turbine also operates as a pump. Both components are therefore reversible in their functionality. Some plants, particularly those with very high heads (head is the effective height between the water source and the turbine), may require separate turbines and pumps.
In practical applications, the transition from a generating to a pumping mode of operation (or vice-versa) is performed by the operator and takes several minutes (i.e., it is usually not a subject of power system dynamic simulation studies, except possibly for those used in the initial design of the plant). Thus, in most power system simulation studies, the generating and pumping modes of operation for conventional PSH units are studied separately. The system conditions being analyzed are appropriate for one mode or the other; for example, studies performed at peak load would model the units as generating, while light-load studies would model the units as pumping.
Because the focus of this project is hydroelectric power plants and pumped storage in particular, it is appropriate to give a general overview of the different types of hydroelectric units employed. There are two basic types of hydroelectric turbines: impulse turbines and reaction turbines.
Impulse turbines are generally used for installations where the head is high and the flow is relatively low (compared with that of the other turbine types described in the following text). The water is focused and directed though a nozzle, and the water stream impacts the turbine blades, thereby forcing the turbine to spin. Generally, the water leaves the nozzle at a high velocity and at atmospheric pressure, and two to six nozzles are distributed uniformly around the turbine circumference. The most commonly used impulse turbine design is the Pelton turbine.
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Reaction turbines are generally used for installations where the head is relatively low and the flow is relatively high. The transfer of energy from the water to the turbine does not occur at atmospheric pressure, as it does in the Pelton turbine. The water changes pressure as it moves through the turbine and gives up its energy. Thus, reaction turbines are either encased to contain the water pressure or submerged in the water flow. Energy from the pressure drop is transferred to the turbine through both the fixed guide vanes and the rotating runner blades. The most common reaction turbine types are the Kaplan and Francis turbines.
The Kaplan turbine is a propeller-like water turbine with adjustable blades. The combination of adjustable propeller blade angle and adjustable wicket gates enables high efficiency to be achieved over a wider range of head and flow.
The Francis turbine uses a spiral-shaped inlet and guide vanes to direct the water tangentially to the turbine runner. This radial water flow transfers the energy to the runner vanes. Adjustable guide vanes allow higher efficiency over a wider range of head and flow. Francis turbines are the basis for the reversible pump turbines used in pumped storage plants.
The technologies associated with the turbines just described are well known and documented in many references. These technologies are not new, as evidenced by their dates of invention (Francis in 1848, Pelton in the 1870s, and Kaplan in 1913). Of course, the actual design and physics of hydraulic turbines are much more complex than the few sentences above convey. Much effort has been put into research and design to improve the efficiency and reliability of these basic designs, as well as to reduce adverse environmental impacts, such as the impacts on erosion and fish populations.
Advanced Pumped Storage Technologies
The advanced pumped storage technologies can be grouped into two categories:
• Those that employ adjustable speed pump-turbines and
• Ternary units, which employ a separate turbine and pump on a single shaft with the generator/motor.
Various technologies can be employed in adjustable speed pump-turbines. The primary technology employed today for large pumped storage units is the combination of a DFIM and a Francis turbine. Models for this technology are described in a companion report Review of Existing Hydro Turbine-Governor Models.
The next section gives an overview of pumped storage employing ternary technology.
Overview of Ternary Pumped Storage Units
A ternary pumped storage system consists of a separate turbine and pump on a single shaft with an electric machine that can operate as either a generator or a motor. The turbine can be of either the Francis or Pelton design, depending on the hydraulic characteristics of the site. Pelton turbines are generally used for installations with very high head.
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The major difference between a ternary plant and other types of pumped storage plants is that the ternary plant can simultaneously operate both the pump and turbine. All other pumped storage plant designs operate either in a generating mode or a pumping mode, and the shaft rotates in opposite directions in these two modes.
The ability of the pump and turbine to operate simultaneously provides added flexibility in the plant's operation. The flexibility of the plant is also improved by having the pump and turbine on the same shaft and hence rotating in the same direction, thereby eliminating the need to reverse the rotation to transition from pumping to generating or vice-versa.
Because the pump and turbine are able to operate simultaneously, the hydraulic flow is more complex than it is in a conventional pumped storage unit. The ternary unit can operate with what is referred to as a "hydraulic short circuit." This is shown in Figure 2 -1. The flow in the penstock is, of course, bi-directional; it goes from the head water to the tail water when the unit is generating electrical power, and from the tail water to the head water when the unit is absorbing electrical power (motoring).
The flow in the penstock is the net of the flow to the turbine and flow from the pump. The flow to the tailrace is this same net flow. One can think of a component of the flow circulating from the turbine to the pump (or vice-versa), which is the hydraulic short circuit referred to above. The three components -turbine, pump, and generator -can have two configurations. Typically, a clutch will be inserted on the shaft above the pump to disconnect the pump during turbine operation in order to avoid ventilation losses in the pump.
A system of guide vanes provides additional flexibility. If the plant is operating in generating mode, the guide vanes to the pump are closed, and the clutch is not engaged. The amount of generation is controlled by the position of the turbine guide vanes.
If the plant is operating in a pure pumping mode, the guide vanes to the turbine are closed, and the clutch is enabled. In this mode, the pump guide vanes are wide open, and there is no regulation capability.
If the plant is in the pumping mode and regulation is needed, both the pump and the turbine operate (i.e., employing the hydraulic short circuit). An example of this mode of operation is illustrated in Figure 2 -4. The flow through the pump and the resulting torque applied to the shaft from the pump correspond to an electrical energy of 150 MW drawn from the power system. However, the turbine guide vanes are adjusted so that the flow through the turbine and the resulting torque applied to the shaft from the turbine correspond to an electrical energy of 100 MW supplied to the power system. The net result is that 50 MW is drawn from the power system, and the flow pumped up to the reservoir is equivalent to 50 MW. Of course, there are some hydraulic losses in the loop owing to the circulating component of the flow, and careful hydraulic design is required. In this mode of operation, the guide vanes of the turbine are adjusted to provide the desired regulation.
Figure 2-4 Example of Operation in Pumping Mode with Regulation Capability Using the Hydraulic Short-Circuit Concept
One major advantage of the ternary design is that the rotational direction of the motorgenerator is the same for both operational modes (i.e., there is no change in the direction of water flow to change from pumping to generating). The impacts from hydraulic transients are thus significantly reduced, and the machine can move rapidly from the full pumping mode to the full generating mode, unlike a reversible machine, which must stop before restarting in the opposite direction.
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Figure 2-5 gives typical startup and transition times and illustrates this advantage. The transition time from generating mode to pumping mode for a reversible pump-turbine is seen to range from 4 to 8 minutes, even for units employing advanced technologies. The transition time for the ternary units is much less, on the order of 0.5 to 0.75 minute.
The transition time for a reversible pump-turbine in the opposite direction, from pumping mode to generating mode, ranges from 1.5 to 5 minutes, while the transition time for the ternary units is again significantly less, on the order of 0.5 to 1 minute.
Depending on the system requirements, this decrease in transition time could be very advantageous. For example, consider a pumped storage unit operating in pumping mode at night, when a large amount of wind-powered generation is occurring. If there is a significant and fast drop in the wind energy, the ability of the pumped storage plant to transition quickly from pumping (and thus a system load) to generating could have a large impact on mitigating any resulting frequency deviations experienced by the system.
A second advantage of ternary units over reversible pump-turbines is improved efficiency. In a ternary unit, the pump and turbine are both optimized for efficiency. In a reversible unit, the design is necessarily a compromise to allow for operation as either a pump or a turbine.
Another advantage of a ternary unit is its ability to employ different turbine technologies for the pump and turbine; in particular, to employ a Pelton turbine for high-head installations.
Since the ternary unit does not employ power electronics, such as those used in DFIMbased designs, it does not have an impact on power quality, which can be a concern with regard to any design that employs power electronics.
A ternary unit also has a better natural response to system disturbances for which transient stability is a concern. A ternary unit inherently has a higher total inertia, since this inertia includes both a pump and a turbine in addition to the generator. This extra inertia also has a positive impact on the initial rate of frequency change for a system event, resulting in an imbalance of generation and load.
On the other hand, there are also some disadvantages of the ternary design. In general, it will have a higher first cost because the hydraulic design is more complex and because more equipment is required. The hydro plant will also be larger because of the additional equipment, and that additional equipment will probably result in increased operating and maintenance costs. This page intentionally left blank.
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Section
Modeling Ternary Pumped Storage Units
A ternary pumped storage hydro unit employs a separate turbine and pump on a single shaft with the generator/motor. The modeling of the generator/motor and its excitation system is exactly like the modeling of a conventional pumped storage hydro unit. Commercial power system simulation software packages, such as the PSS  E software and GE Energy's Positive Sequence Load Flow (PSLF) software, include models that represent the salient pole machine and many types of excitation systems. For more details on these models, please see the companion report, Review of Existing Hydroelectric Turbine-Governor Simulation Models.
The model for the prime mover and governor of a ternary pumped storage hydro unit must include models of the turbine and pump, which are on a single shaft with the generator/motor. The modeling of this equipment is the primary focus of this report.
In practical applications, the transition from a generating mode to a pumping mode of operation (or vice-versa) is performed by the operator. It usually is not a subject of dynamic simulation studies, except possibly for those used in the initial design of the plant. Thus, in most simulation studies, the modes of operation of a pumped storage unit are studied separately. The system conditions being analyzed are appropriate for one mode or the other; for example, studies performed at peak load would model the units in a generating mode.
The representation is a bit more complex for a ternary unit, since in one mode of operation, both the turbine and pump are active simultaneously. However, the models proposed are still based on the assumption that the mode of operation does not change (i.e., the unit either has the turbine in operation, has the pump in operation, or has both the pump and turbine in operation). The model does not include logic enabling a transition from, for example, operation with only the turbine in operation to operation with only the pump in operation.
While the following discussion is based on the PSS  E platform, the approach discussed below is applicable to any commercial simulation software package.
While the model for a conventional pumped storage plant requires separate models for turbine and pump operation, the model for the ternary unit incorporates all three modes (turbine operation only, pump operation only, or both turbine and pump operation) in a single model.
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In generating mode with only the turbine in operation, the model of the ternary unit is similar to that of a conventional hydro unit. Conventional models are used for the salient pole machine and the excitation system. The model of the turbine dynamics and the governor controls is shown in Figure 3-1 . The machine will participate in the usual governor speed control, similar to the other generators on the system.
In pumping mode with only the pump in operation, the model of the ternary unit is again similar to that of a conventional hydro unit. Conventional models are used for the salient pole machine and the excitation system. The model of the pump dynamics and controls is shown in Figure 3 -2. The machine will not participate in governor speed control.
The third mode of operation is pumping mode with the unit employing the hydraulic short circuit (ternary operation). For the hydraulic short-circuit mode, the model includes the following:
• Conventional models are used for the salient pole machine and the excitation system.
• The model of the turbine dynamics and the governor controls is as shown in Figure 3 -1. The unit will adjust the gate position to participate in the usual governor speed control.
• The model of the pump dynamics and controls is as shown in Figure 3 -2. The main inlet valve for the pump is adjusted to obtain maximum pump efficiency. The pump controls do not participate in the speed (frequency) control.
• The hydro and pump models include the logic to account for a design in which two ternary units (two sets of turbines and pumps) share the same penstock.
In ternary operation, the mechanical powers of the turbine and the pump provided by governor and pump models are summed to find the total mechanical power transferred to or from the common shaft. The rotor speed is determined by using the total inertia constant of the shaft including all three components (namely, the machine, the turbine, and the pump).
The operating mode (turbine operation only, pump operation only, or both turbine and pump operation) is selected via the proper setting of model constants.
As it is in the modeling of the conventional pumped storage units, the potential for ternary units to share a common penstock is included in the model. The model is structured to account for two ternary units sharing the same penstock, with each unit including a turbine, a pump, and a generator/motor.
The modeling of the penstock follows the approach given in Reference 5 (Hannet et al. 1999) . The relationship between head and flow is given by the equation that follows. Note that each ternary set inherently has separate penstock sections supplying the turbine and the pump and hence uses two rows of the matrix. In the pump model, a constant main inlet valve position reference is assumed. The pump head is used in place of the static head. The pump head is a function of the water flow, as shown in Figure 3 -3 for a unit rotating at rated speed. This pump characteristic is characterized by a quadratic equation whose coefficients can be derived from pump characteristics provided in the specifications or determined by testing.
If speed deviations during transient conditions are noticeable, the flow, head, and power of the pump should be adjusted. The model allows adjustment per affinity laws proportionally to the speed (for flow), to the square of the speed (for head), and to the cube of the speed (for power).
The mechanical power is calculated as the product of flow and head. The efficiency should be accounted for in the gain A t (see Figures 3-1 and 3-2) . Note that A t is proportional to the inverse of efficiency. [3] [4] 
